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SUMMARY 

A study  has  been made t o  determine the  effect   of   var iable   propel ler  
gearing on the  low-speed performatlce of lnodern thin-blade  propellers. 
Inasmuch as experimental  propeller data over a su i tab le  range of operating 
conditions are currently  lacking, and because of Fhe scarc i ty  of su i tab le  
a i r f o i l  data, it w a s  necessary t o  devlse methods of estimating the  per- 
formance. The methods used axe based on optimum loading  considerations. 

" 

Results from the  analysis of a sample f l i g h t  problem indicated  that ,  
for  propellers  having a design advance r a t i o  of  2.0, peak values of s t a t i c  
thrust and take-off  thrust  occur a t  approximatelythe same ro ta t iona l  
speed  used for   high speed. If the design advance r a t i o  i s  3.0 or  higher, 
variable  propeller  gearing -should be used f o r  low forward speeds  because 
the  rotat ional  speed corresponding t o  h i g h  speed i s  too low and  hence the 
propellers are overloaded at low speeds. By incorporating  variable 
gearing  to  increase the ro ta t iona l  speed, the propeller  loading is reduced 
with a consequent  gain in thrust. This gain i n  low-speed thrus t  due t o  
reducing  the  propeller Loading increases as t h e   d e s i p  advance r a t i o  i s  
increased;  for a design advance r a t i o  of 4.0, the-ga in  i n  take-off thrust 
amounts to 30 percent ,or. more. When ~b given power i s  absorbed at optimum 
rotat ional  speeds, the s t a t i c  and take-off thrusts o f  propellers having 
high design advance r a t io s  are higher than t h e   s t a t i c  and take-off thrusts 
of propellers  having lower design advance ra t ios .  For a given power 
requirement this optimum rotational  speed becomes lower 88 the  des iep 
advance r a t i o  is increased. 

For r o t a t i o n a l   t i p  Mach numbers  up t o  about 1.2, calculations show 
that  thin  propellers  incorporating  moderately cambered a i r fo i l   s ec t ions  

peak s t a t i c  _thrust with  symmetrical  sections. When a r o t a t i o n a l   t i p  Mach 
number of about 1.2 is exceeded, there  i s  a subs-tmtial drop i n  peak 

c produce peak s t a t i c   t h r u s t s  which are U t o  XI pefcent  higher  than  the 

.I s t a t i c  thrust. 
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INTRODUCTION. . ' 
a 

* *  . -  
-_ 

In the   ear ly  %-story-  of  airplane  propellers  adequate performance k 7  

was obtained  through  the  use o f  fiked-pitch  propellers. Then, as engine 
powers ana airplane speeds were increased, t.he performance o f  the fixed- 
pitch  propeller became inadequate..  This  inadequacy was  overcome by  the 
development of  the.  constant-speed  propeller. The constant-speed  propel- 
ler gave ilnprovea  performance f o r  two reasons: One, the  constant-speed 
mechanism allows the  engine to operate 5t  rated power as needed and, two, 
a constant-speed proiener   operates  -at or near peak efficiency  over a 
larger  range  of  flight  condition6  than does the  fixed-pitch  propeller. 
For certain combinations .of speed, power, and alt i tude,  a constant-speed 
propeller which has been selected on t h e  basis  of. top-speed considerations . - 

" 

. .  

. -  

only will give good perfarmanc.e_,at other  flight  conditions  including  the 
take-off. There are"other combinations of speed, power, and a l t i tude  
where emphasis on a particular  flight  co.ndition.will  unduly  penalize 
the  over-all  performince; f o r  such cases it has been c m n  p rac t i ce   t o  
select  a comproliaise constant-speed  propeller..  For s t i l l  other combina- 
t ions of  speed,. power, and a l t i tude  it b$?comes ve ry   d i f f i cu l t   t o  make a 
suitable compromise using constant-speed propellers. In  some of these 
latter cases .it i s . pas s ib l e   t o  use two-speed gearing t o  overcome the  
diff icul ty .  

Current  progresi3'in  the development of  turboengines i n  conjunction 
with  thin-blade  propellers.   offers  at tractive performance poss ib i l i t i es  
a t   a i rplane speeds well up into-the  transonic  region. For  such  appli- 
cations it i s  desirable  to-emphasize the high-speed conditions i n   t h e  
design of the propeller. Such emphasis is l i k e l y   t o   r e s u l t  in  poor  take- 
off characterist ics;  hence the appl icabi l i ty  o f  two-speed gearing  appears 
t o  be of  greatest interest i n  regard to   th fs   type   o f   ins ta l la t ion .  The 
purpose  of the  preseab  paper i s  to  investigate  the  effect  of two-speed 
gearing on the  talreioff  efficiency under :certain'  conditions. 

Experimental  data on thin-blade  propellers &e currently  unavail- 
able i n  sufficient  quantity f o r  performance analysis a t  low airspeed.s. 
By t reat ing  the induced losses and drag  losses  separately, however, it 
f a  possible to obtain a preliminary estimate of  the  propeller  efficiency 
through analytical  means. The present  paper  gives  charts from which t h e  
efficiencies can be readily comp&ed f o r  optimum rotat ional  speeds. Sam- 
ple  calculations f o r  simulated f l i g h t  coniLitions are given. Also included 
is a brief  discussion of the s ta t ic  thrust  of  thin  propellers,  including 
the  effect  of camber on t h e   s t a t i c  thrust. 

* 

. 
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SYMBOLS 
\ -. 

speed o f  sound, - -  - f't/sec 

number  of blades 

blade  width  (chord), ft 

power coefficient 

torque  coefficient 

thrust   coeff ic ient  

section drag coefficient 

section lift coefficient 

airplane lift coefficiept 

design Eft coefficient 

propeller  diameter, ft; also drag, -1b 
.Goldstein  induced-velocity-correction  factor  for 8 

f i n i t e  number of blades 

blade  section maximum thickness 

advance ra t io ,  V/nD 

Theodorsen's circulation  function 

lift, l b  

nominal L/D of propel ler   operat ipg  a t   s ta t ic  thrust, 
re lated to L/D a t   the  0.m sta t ion  by an empirical 

Mach  number of advance, V/a , 



% section  regultant Mach number, M $ q ,  or, 
= % when J = 0 

% t i p   ro t a t iona l  Mach number, &/a 

n .  propeller  rotational speed, r p s  

P power, - f t - lb  
sec 

. power coefficient,  P/pV3D2 

R propeller-tip  radius, f t  

r radius t o  blade  element, ft 

S wing area, sq ft  

T thrust, l b  

U slipstream  velocity  of  actuator disk (final wake), 
f t /sec 

V velocity of advance, f t /sec 

w 

W 

resultant  velocity at blade  section,  ft/sec;  also 
airplane  weight, lb 

rearward  displacement veloci ty  of hel ical   vor tex 
surface 

W 
- velocity ratio, W/V 

X f ract ion of  propeller-tLp radius, r / R  

x. 
. ". - - 

radius r a t i o  a t  spinner  juncture 

a 

P blade  angle, deg 

i 
induced  angle of attack, deg 

rl efficiency, J C T / C ~  or TV/P 

'71 induced efficiency - e 
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- TO profi le   eff ic iency 

Q 

air density,  slug/cu ft 

a i r  densi ty   for  NACA sea level . 
so l id i ty ,  Bb/lrDx 

@ aerodynamic he- angle,  deg 

@O geometric helix angle, tan'' -& 
Subscripts : 

X 

1 

2 

c To 

i 
I 

at  s t a t ion  x 

at 0.7 radius  station 

in i t ia l   condi t ions  

f inal   condi t ions 

at take-off 

denotes  induced  values 

ANALYSIS AND BASIC DATA 

In broad out l ine,   the  method of analysis presented  herein follows, 
with some modifications, the same procedure  given k reference 1. By 
t h i s  procedure the induced  losses and profile-drag  losses are considered 
separately and the   resu l t s  are combined to   obtain  the  over-al l   eff ic iency.  
The profile-drag  losses are depenaent on t he   a i r fo i l   cha rac t e r i s t i c s  and 
eo a brief  discussion of Mach  nuniber effects on the character is t ics  of 
thin a i r fo i l s ,   wi th   the  consequent effect on profile  efficiency, i s  given. 

Propeller performance is dependent on engine character is t ics  and, 
since it is considered that the  turboengine is the most p rac t i ca l  engine 
f o r  application t o  $he high  speeds  expected In the   near  future, the  per- 
t inent  features of the turboengine  are  considered in a generalized manner. 

. 

The steps  involved i n  analyzing a given  propeller-performance  pmb- 
lem with  turboengines ( o r  any engine  the  operatFng  characteristics of 
which are known) are then  br ief ly  summarized. A short  method of esti- 

w mating t h e   s t a t i c  thrust of th in  propellers completes the presentation. - 
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Induced Efficiency I 

Reference 1 presents  propeller  select-fon  charts  in which the  basic .. . 

propeller  parmkters  -are  interrelated in such a manner as t o   f a c i l i t a t e  
the selection of a propeller  for a given  .design  condition.  In  refer- 
ence 2 the  resul ts   are  ext-ended to  include  propeller  operation  at  values 
of J less  than 1.. The resu l t s  in references 1 and 2 also provide a 
short  method o f  propeller-performance-analysis which saves a considerable 
amount of  time  with  only a small loss in accuracy  over more complete 
strip-theory  procedures. 

. -  

.. - 

The present  analysis is concerned with  propeller-performance  prob- 
lems including  variable  rather than fixed  gear  ratios. For such  pmb- 
lems it i s  convenient t o  have the  quantity nl- 88 one of the basic 
parameters. A convenient  coeff'icient  involving nD t o   t h e  first power 
can be obtained by writing 

In  figure 1 the  propeller  selection  charts  of  references 1 and 2 
fo r  four- and eight=blade  single-rotating  propellers have been rearranged 
as propeller-performance  charts t o  show the optimum induced efficiency .. 

. . -  . 

qi 88 a function  of Cp -'/3 with 
i 

and d as parameters. 

Also included  &e lines of ionstant  e 

The subscript 1 denotes  that  the  drag  losses  are  not  Included. 

The induced efficiency qi and t k ' e l emen t  loading coefficient 

(bcz)o.7R are primarily  functions of the power due to lift Pi ra ther  , 

than t h e   t p t a l  power P, but  there i s  also some dependency on the  dia- 
t r ibut ion of lift along  the-blades, This l a t t e r  dependency can be.ignored 
i n  many cases  with  only a small loss. i n  accurgcy.  For  cases where the  
propeller  operates  hear peak efficiency, T~ can be'considered as " .. 

dependent -on P rather  than on Pi as a first approximation  with suf -  

f i c i en t  accuracy  for  preliminary  propeller  analyses. 

" I - 

. 
The induced effF6iency 'is dependent upon the number of  blades. The 

reaul ts  in figure 1, which are  for  four- and eight-blade  propellers, can I .. 
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- be  used, however, t o  determine desirable  values  of J and 

Once J and 

proper number of blades f'rom the propeller  selection  charts In refer- 
ences 1 and 2, since J 'aid 

the  number of  blades. The application of the resu l t s   in   f igure  1 t o  
propeller-performance problems i s  illustrated by example performance 
problems t o  be  given  subsequently. 

I PC2)O.7R are determined, qi can be obtained  for  the 

(ucz) 0 . m  
are   p rac t ica l ly  independent o f  

- 

.. 1 

I 

Profile-Drag bsses and Airfo i l  Data 

Profile-drag  losses .- For typical  thin  propellers,   reference 3 pre- 
s e n t s   c w e s   o f  peak prof i le   e f f ic iency  qo as a function of t h e   f l i g h t  
Mach  number for  various  values  of J from J = 2 t o  J = 6 .  These 
curves are  reproduced herein as  f igure 2. When J i s  less than  about 2, 
it is not a very  suitable  parameter on which t o  base curves  of peak qo 
because the prof i le   eff ic iency becomes qui te  dependent on the induced 
efficiency. Another parameter, however, defined as- Ji = J(l 

has been  used to show qo as a function o f  flight Mach number, and the  
r e su l t s  are given in fig6re 3. The derivation of the results in figure 3 
i s  explained Fn appendix A. 

) = + L G  J 

- The resu l t s   in   f igures  2 and 3 are based on values of section D/L 
sham  in  figure 4. If the maximum L/D a t   t h e  0.7R i s  d i f fe ren t  from 
the  value used i n  preparing  figures 2 and 3, the aaroximate  value o f  
T~ fo r  the new value of  L/D can be obtained from- 

where 

The values of . t an  7 at the  O.7R s ta t ion  used for   ca lcu la t ing   the  
results in  figures 2 and 3 ( f ig .  4 )  are reproduced from reference 3.  

. .. 

Airfo i l  data.- In references 1 and 2, propeller drag losses  are 
expressed i n  terms of  thrust  and power coefficients due t o  drag only 
(cz = 0 ) .  The drag  data  used In computing these  cogfficlents correspond 
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t o  Clark Y a i r fo i l   sec t ions   for  a representative  propeller.  Inasnuch as c 

the  thrust  and power coefficients due to  drag  only  are based on the  por- 
t ion  of the curve where cd remains nearly  constant when plotted  against 

cz ,  it is  necessmy to ascer ta in   that  the propeller i s  operating w i t h  i t s  
lift coeffictents in this range.  This  condition i s  judged  by means of 
propeller  design  charts which include, among other  parameters, values  of 
the element loading-coefficient ( U C ~ ) ~ . ~ .  The parameter (6c 2 )a. 7R 
is readily  obtained  for  given  operating  condftions and hence 

can be calculated  since cr is  a known quantity fo r  a given  propel- . .  

ler. When it has been determined that  the  propeller i s  operating w i t h  . 
t he  Ilft coeff ic ient   a t  the 0.m s t a t ion   i n   t he  range f o r  which the drag 
coefficient remains nearly  constant,  then  the  thrust and power coeffi-  
cients due t o  drag  are deemed appucable. The over-all  thrust and power 
coefficients  are  obtained by adding the  thrust  and  power coefficients 
due t o  lift only t o  the thrust .  and power coefficients due to  drag  only, 
respectively. Values of efficiency  obtained  by using these  coefficients 
are  sho-m t o  be i n  very good agreement w i t h  experimental  values of the 
efficiency. 

.. - 

I 

czO.  7R 
0.m 

The present  paper  concerns  propellers  having much thinner  sections 
than.  the  representative  propeller of references 1 and 2. Furthermore, 
large Mach number changes.are   ukely  to  be .encobtered.  .For this reason 
it was found convenient t o  express  the  drag-loss  data i n  terms of .pro-  
f i l e   e f f i c i ency  es shown in figures 2 and 3,- i n  such a manner as t o  
include Mach number effects.  Aa mentioned previously, the qo curves 
shown are based on typical   drag-l i f t   ra t ios   for  thin a i r fo i l   sec t ions .  

Whereas the application  of  the drag 'data in references 1 and 2 is 
rest r ic ted  to   operat ing lift coefficients in the range where cd remains 
nearly  constant, the .application of the  data in figures 2 and 3 is 
restr ic ted  to   operat ing lift coefficients Fn the range  giving m a x i m u m  
or near-maximum L/D. The operating lift coefficients  are judged in the 
6ame manner as in  reference 1. Either the design charts  of  references 1 
and 2 or  the performance charts i n  figure 1 of the presept paper can be 
used f o r  this purpose. It is necessary, however, t o  have ~ o m e  idea of . .. . 

the  range of cz  giving m a x i m u m  or  ne=-maximum L/D before the resu l t s  
can be  applied. 

. .  
. .  

The variation of L/D against cz w i t h  Mx as parameter is shown 
for   the I W A  16-004 and the NACA 16-304 a i r fo i l   sec t ions   in   f igures  5 
and 6, respectively  (data from re f .  4). The r e su l t s   fo r  the RACA 16-004 
symmetrical a i r fo i l   sec t ion   ( f ig .  5 )  show tha t ,  at a given  value o f  h&, 
L/D remains near i t s  m a x i m u m  value .over a f a i r l y   u g e  range o f  lift 
coefficient. A t  = 1 .O, for example, L/D varies 10 percent  or less 
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. 
- 

from i ts  m a x i m  value over a cz  range from approximately 0.25 t o  0.43. 
For the NACA 16-304 cambered a i r fo i l   sec t ion   ( f ig .  6 )  at % = 1.0 the  
cz range is f r o m  0.37 t o  0.61. The range of cz for which L/D varies 
10 percent o r  less f r o m  i t s  maxim value becomes smaller than the ranges 
sham when M, i s  greater than 1.0 and becomes ' larger when M, is less 
than 1.0. 

Although the  resul ts  i n  figures 2 and 3 are based, on maxLmum L/D 
values,  variations  of 10 percent  or less from these values have only a 
small effect  on the profile  efficiency. In doubtful  cases  the  correction 
formula  expressed i n  equation (3)  can  be  used.  Since the value of tan 7 
at the  0.V sta t ion  used i n  obtaining the qo values sham in figures 2 

and 3 is given i n  figure 4, such  corrections can be readily  applied when 
different  values of tan y are encountered. 

Comparisons of  the   resu l t s  in figures 5 and 6 show t ha t   t he  maximum 
L/D of the cambered section  (fig.  6 )  is higher  than the maximum L/D 
of  the symmetrical  section  (fig.. 5 )  at given  section Mach nunibers  up t o  
about 1.1. It is  known, however, that for  section Mach nunibers above 
about 1.2, the symmetrical sections have the  higher maximum L/D values. 
When it is des i red   to  estimate propeller performance  by the  present  short 
mthod, it is  preferable   to  have a i r f o i l  data f o r  the 0.73 s ta t ion  of the 
parttcular  propeller  uader  consideration. When such data are available, 
differences between the  available data and the   da ta  used i n  preparing 
figures 2 and 3 can . .  be resolved  (eq. (3)  ). 

Figure 7 shows the var ia t ion of  cz for  maximum L/D 86 a Function 
of section Mach number. Data used i n  preparing  this figure axe from ref- 
erence 4 for  section Mach numbers  up t o  approximately 1.2. For higher 
Mach numbers the data are calculated  for a 4-percent-thick  biconvex air- 
f o i l  having a friction-drag  coefficient of 0 .O&. The lift coeff1cien.t 
for  maximum L/D is seen t o  vary  with  section Ma-ch number. It w i l l  be 
seen later tha t  performance calculations  involve  differences i n  operating 
conditions between some high-speed  design  condition and lower-speed 
climbing and take-off  conditions.  Sfnce the section Mach  number changes 
accordingly, the variation o f  cz fo r  maxim L/D as a function of 
sectLon Mach number is of some importance. The curve shown ( f ig .  7) is 
i l l u s t r a t ive  and would be  expected to vary depending on the a i r f o i l  sec- 
t ion  used. 

A complete discussion of a i r f o i l  characterist ics cannot  be  given 
here. The discussion  given is  intended t o  present some of the factors 
which  concern the  application of the present s h o r t  method of propeller 
performance . 
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Engine Characterietics S 

The turboengine'is  the  engine which i s  currently of most in te res t  
in regard  to  application  to  propeller-driven-high-speed  airplanes. The 
operating  characterist ics .of a typical  turboengine a t  full power i n  
terms of-- the m a x i &  power at   s ta t lc   sea- level   condi t ions are shown i n  
figure 8 as a-funct ion o f  airplane  speed .or Mach  number and al t i tude.  
A t  a constant  altitude,  the  fulLpower  available  increases  with  increasing 
velocity up t o  some "ram power'' limit, and a t " L a n t   v e l o c i t y ,   t h e  full 
power decreases as the   a l t i tude  i s  increased. 

. c  

The quantities o f  in te res t  i n  regard to  the  present  analysis are - 
the  quantit ies under . the  radical  pD2 since this rad ica l  i s  needed 

i n  the  calculation of-- Cpzr/3 and P . In. order  to  reduce compu- 
dT 

CV 

ta t iona l  work, the  quantity i s  plotted as a function of 

horsepower fo r  various diameters i n  figure 9. Figure 10 gives  the 

me i s  ess&t iaUy a 
power, the  a l t i tude,  

as a function of  velocity and a l t i tude ;   th i s   f ig -  

replot of figure 8. With the   s ta t ic   sea- leve l  
the  velocity,  and the diameter given,  then 

Application of Data 

The required  steps  for.   estimating  the  ped  efficiency are summarized 
br ief ly   as  fol lows:  

(1) Required data: 

( a >  p0 I 

(b) 

( c >  ao..p . .-- " . 

( a  B -I - .. - 
*. . 

- I- 
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(a) Obtain 

equation ( 4)  (or 

( b)  Compute 

( c )  Compute 

engine data if avai lable) .  

a t   the   intersect ion of P -'I3 and ( ;C 2 )  in   f igure  1 

obtain J. 
cv 0.m 

(Note: This step  involves  the  selection of cz f o r  maxim 
L/D without  prior knowledge of the  section Mach  number M 
which i s  given by 

0 . 7 ~  

For a i r fo i l   sec t ions  where cz  for maxlmum L/D varies  exten- 

sively  with M o a T R ,  however, these  steps may be  repeated using 

t r i a l  values of cz until a value of cz .which is consistent 

with  the  corresponding M is obtained.  Ekact agreement i s  

not essent ia l  inasmuch as qo remains nearly  constant in  the 
range of  cz giving near-maxtmum L/D. ) I 

(a )  With J and (acz)  known, obtain qi. (Note:  For 

0.m 

0 -7R 
four- and eight-blade  propellers, Ti can be obtained  directly 

from figure 1. For other numbers of blades,  obtafn qi from the  
propeller  selection  charts of references I and 2.)  

-t. 
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( e )  Obtain  the  value  of qo from figure 2 or  3 by using 
equation- (3)  i f  necessary. If J is 2.0 o r  greater,  read 7, 

f r o m  figure 2 far khe given f l i g h t  Mach  number and J. If J is 

less than 2.0, compute J i = q  ' and obtain 'qo from figure 3 f o r  

the  given  f l ight Mach  number M. 

( f )  Compute rl = qiqo. 

o r  

(g) Obtain n from ei€her 

V n = -  
J D  

cp-1/3 

=e2,"' D- 

change can be determined by comparing -the new value of n with 
the original design  value. 

S t a t i c  Thrust  of Th in  Propellers 

A method of estimating  the  static  thrust--of thin propellers i s  
described  in apRendix B. The application of this method involves  the 
use of figure 11, which shows +es of .Cp and CT plotted  against  

limitations. ) For  cases where Cp, - and - M o.7R are  known, the  

estimation  of CT requires o n u  a curve of L/D against cz f o r  the 
a i r fo i l   s ec t ion   a t   t he  O.7R stat ion,  as shown in figure 5 or 6. The 
first s tep in estimating cT i s  to plo t  a curve of  LJD against 

(=cz),., using  the  data in figure ll at  the  required  value of Cp. 

Inasmuch as Do. 7R is  a given  quantity,  another  curve of - = - - 
corresponding t o   t h e   a i r f o i l  data can be plotted against ( U C ~ ) ~ . ~ ~ .  

E 1 L  
D 3(D)0.7R 

" 

c 



I The intersection of these two curves  gives the values of and 
( 4 0  .m which are consistent  with the given Cp; these.values are 

- used to   ob ta in  CT from f igure ll. 

An al ternat ive method af obtaining  the  s ta t ic   thrust  i s  provided 
through  the use of figures 12 and 13. Figure 12 shows the   idea l  thrust 
Ti ( i n  terms of the  density  ratio)  plotted  against   the  product of  the  
known diameter and power. ( See appendix B. ) Figure 13 gives  the  ratio 

When the  values of  @cZ) and L/D which give the required value 

of  Cp have been  determined, the r a t i o  T/Ti can  be  obtained  directly 
0.7R 

The r a t i o  T/Ti, BE; emlained in qpendix B, is obtained from 

- = 0.86 T CT 
Ti cp2/3 

and is more truly a figure of merit  than is 
- cT/cP 

the commonly used r a t i o  

DISCUSSION 

To i l lustrate   the  appl icat ion of  the   resu l t s  in f igure  1 t o  
propeller-performance  problems,  consider a four-blade  propeller  with 
design  conditions such that it operates at 5 = 2.5 . and ( ac2 ) o.7R = 0.07. 
The corresponding  values of Cp 4 3  ana PCv -" are 1.37 and 3.45, 
respect ively  ( f ig .  1). Now consider that it is required t o  reduce the  
velocity  to  one-third of fts design  value  with no change i n  power, den- 
s i ty ,   o r   ro ta t iona l  speed. With these quantit ies fixed, the quantity 

c , 4 3  remains unchanged from its previous value of 1.37. A new value 
r 

of PC -'I3 = A x 3.45 = 1.17 has been  obtafned, however, and the pro- 
v - 3  

pe l l e r  now operates at conditions  corresponding 

the new value of P and the  given  value 
+ 

- 1/3 
CY 

* - to   the   in te rsec t ion  of 

of -cp -'I3. This 
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intersection is beyond the  data  for  four-blade  propellers  in  figure 1( a), 
but  the results for  the  eight-blade  propeller,  figure l (b) ,  indicate that 
P C .  i s  approxiwtely 0.215. InasFch  as .. d 2)o.m . . . ." 07R 

i s  a fixed quan- " 

.. 
t i t y ,   t h e  lift coef f ic ien t   a t   the  reduced  speed is  roughly  three times 
i t s  value a t   t h e  design  speed. Hence ,it i@ implied that L/D has 
suffered a drastic  reduction from i t s  value at  the  design  condition  with 
serious consequences on the  total   eff ic iency.  

With variable  propeller  gearing, ,hoyever, the  quantity Cp - 1/3 C a n  

be changed by  changing nD. In  this par t icular  problem, Pcv 4 3  = -1.15 - 

remains constant and the  intersection of this l ine  with some desired 
value  of ( c r c ~ ) ~ .  7R gives a new value  of CP-l/3.  For example, it may 

be  desired  to  operate  the  propeller-  with  the $-&I?= value  of ( t ~ c ~ ) ~ . ~  

a t   t h e  reduced  forward  speed &E; wa,s used at the design  forward  speed.. 

The intersection'  of the   l ine  ( d c ~ ) ~ . ~  = 0.07 and the   l ine  . -  

p 4 3  = 1.15 gives a new value of cp-113 = 2.42. Thus, in   o rder   to  

operate- at the  desired  value  of (dcz) o.7R, the   rotat ional  speed  should 8 .  

CV 

' be  increased i n  t he   r a t io  - - - 1.765. The induced efficiency now 

becomes 0.757, or  about 8 percent  higher  than  the induced efficiency 
with  single-speed  gearing. It is  also,  implied.  that a reduction i n  
profile-drag losses has  been  acc0mplished, since  the  blade  sections now - 

operate nearer the* values  of cz for  maximum L/D than  they  did  with 
fixed  gearing. 

2.42 

1.37 - 

The foregoing exainple has  been offered  only as a much simplified 
version of the  application o f  f igure 1 t o  propeller-performance  problems. - 

In   actual   pract ice  an a i rp lane   f ly lng   a t  a small fraction  of its desiep 
speed i s  usually at some a l t i tude  less than the design  altitude and thus 
the  density becomes a variable. The power supplied  by  the  engine may 
also- be a f'unction :of .flight  speea and al t i tude.  Inasmuch a8 both p 

and P appear i n  me paramet-ers P -'/3 and CP- l /3  , it is necessary 
cV 

t o  evaluate  these  quantities  for each particular  operatfng  condition. 
Finally, in  the exiimple  prcjblem just- considered, a very  large  increase 
in  rotational.speed  (over 75 percent) was required  to  obtain  the same 
value of 

a t   t h e  design  speed. Is a prac t ica l  cage such an increase in  ro ta t iona l  . . .  

(ucz)O.  7R 
a t  l o w  speed as was  used t o  absorb the  given power * - 



. speed (aside from poss ib le   s t ruc tura l   d i f f icu l t ies )  might lead t o  com- 
pressibi l i ty   losses  of  the same order of  magnitude aS the  losses due t o  
stalled  operation  with  fixed  gearing at the lower ro ta t iona l  speed. 

L 

Effect  of.  Altitude Changes and Design Advance 

Ratio on Propeller-Performance 

In  the example of the  appl icabi l i ty  of the  resul ts   in   f igure 1 t o  
propeller-performance  problem  Just  given, an overslnqlified problem 
was investigated in which the power and density were assumed t o  remain 
constant  while the airplane  velocity was reduced td .  one-third of  i t s  
design  velocity. Then, i f  It would be  desirable t o  operate  the  pro- 
peller,at  the  design  value of ( m t )  a t   t h i s  neK velocity,  it w a s  

0.7R 
found that a  76.5-percent  increase ih rot&ional speed would be requlred. 
It is now assumed that  the  design  conditions, which led t o  a design 
advance r a t i o  of 2.5 with P c z )  = 0.07, correspond t o  an a l t i tude  

0 . 7 ~  
of 40,000 fee t .  The quantit ies -1/3 cP and PC have the same 

values. 85 before;   that  is, CP- l /3  = 1.37 and P -'I3 = 3.45. Now 

assume that the  propeller i s  to be  operated at sea  level  at  one-fourth 
of its design  ve-locity  with no change i n  engine power o r  ro ta t iona l  

.~ 

v -. 

cv 

- speed. Under these  conditions 

and 

From figure 1, the  value of  corresponding t o  these new 

C f o r  meximum L/D remains  approximately  constant  with  sectfon 
'0.7R 

Mach'number, it i s  evident  that  variable  gearing fs not needed,  because 
the r o t a t i o n a l  speed  remains  near optimum f o r  both  the  desigu speed and 
a l t i tude  and for the reduced  speed and reduced al t i tude.  
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One-more case is investigated  before  extending the discussion  to 
include Mach  number effects .  In this cme  the design  conditions are 
such  that  the  propeller  operates at 40,000 feet   a l t i tude  wfth J = 4.0 

and ( Q C d  0.7R 
p -113 are respectively 1.05 and 4.20. If thls propeller is operated 

= 0.07. The corresponding  values of Cp-1/3 and 

a t  sea leve l  at one-fourth of the  desigh  velocity  with no change in 

rotat ional  speed and power, the new values of PC -l /3 and CPe1/3 

become 
V 

With these new values, the  operating  value of ( ~ c z ) ~ . ~ ~  ( f rom f ig .  1) 

is  approximately 0.115. Hence f o r  this case a change i n  gear r a t i o  
might be desirable because  of the  Fncrease.fn  operating lift coefficient 
corresponding t o  the change i n  bcz from 0.07 at a l t i t u d e   t o  0.115 at  

sea  level. 

. -  
c 

. " 

The foregoing examples have  served t o  show that the  propeller  per- 
formance is' dependent--on a large nuniber of  variables. Inasmuch as some 
of  these  variables are subject  to  arbitrary  control depending on the  
desired  f l ight  plan, a general performance investigation does not  appear 
feasible. The.ultimate  in  propeller performance would probably  require, 
in   addi t ion to the  continuously  variable  blade-angle changing mechanism 
which i s  currently  available, a continuously  variable  gear-ratio changing 
mechanism. Such a mechanism suitable  for  use on airplanes  has  not been 
developed. A two-speed gear-ratio mechanism is re la t ive ly  simple in 
app.lication, however, and a sample performance  problem is analyzed t o  
show some of  the  cases where the  application  of a two-speed gear   ra t io  
mechanism might serve t o  increase  the  take-off performance of a 
propeller-driven  airplane. 

Example Performance Problem 

Efficiency a t  take-off.- The following example problem is  based on 
the  characterist ics of a turboengine which produces 9,000 shaft horse- 
power at   s ta t ic   sea- level   condl t ions.  The variation of full power with 



3v 

. changes i n  velocity and a l t i tude  corresponds t o  the changes shown i n  
figure 8. The Je t   th rus t  produced by the  engine is not considered i n  
the  present problem. 

The & s i p  a l t i t ude  w i l l  be  taken as 40,000 f ee t   w i th   t he   des fp  
Mach  number e&l t o  0.9. It is f i r s t  necessary t o  select   propellers 
t o  meet the  design  requirements. As a f i r s t   s tep   in   the   p rope l le r  
selection,  the  blades will be assumed t o  have the  thickness  distribution 
and t h e   a i e o i l   c h a r a c t e r i s t i c s  of  the  "thinrr  propeller of reference. 3 .  
The previous  brief  analysis o f  variable  gearing  indicated that variable 
gearing might o r  might not be required f o r  o p t i m  low-speed  performance 
i n  the  take-off  range depending on the desiep advance r a t io .  Hence a 
ser ies  of propellers with the  design advance ratfa  varying f r o m  2 t o  4 
w i l l  be investigated. The diameter and  number of blades is selected in 
an arb i t ra ry  manner.  The propellers are t o  be used on a  bomber-type 
airplane  having a wing loading of 60 pounds per  square  foot. 

Propellers which are sui table  f o r  the  design  conditions  are listed 
i n  tab le  I. 

Assuming that   the   a i rplane (i = 60) takes off  at sea level  with 

CL = 1.2, the  velocity  at   take-off is 205 feet   per  second (MT0 = 0.184). 
For each  design advance ratio and diameter, t ab l e - I I  lists the  value of 
Jn, with  fixed  gearing and the approximate  value  of 

would be required t o  absorb 9,000 horsepower at the given ro ta t iona l  
speed. The steps  involved  in  obtaining and M a re  also 

indicated. 

0. 
which 

0 . 7 ~  

The resu l t s  i n  tab le  I1 show that  the  required  value of PC Z)O.TR 
f o r  take-off e t h  fixed  gearing is  in  a l l  cases  higher  than  the  design 
value of (ff=z)o.m fo r  high speed. The required  increase in 

f o r  take-off becomes Larger 88 the  design advance r a t i o  increases. The 
required  increase  varies from a factor  of about r.65 for   the  low-design- 
advance-ratio  propeller t o  about 3.0 for the-high-design-advance-ratio 
propeller . 

c z O  .7R 

For the  propeller  with  the  design advance r a t i o  of 2.0 , the   sect ion 
Mach  number at 0.P i s  1.337 at, high  speed. *OM figure 7 the  operating 
cz f o r  m a x i m u m  L/D at t h i s  Mach rider is about 0.25. A t  take-off 
with  fixed  gearing  the  section Mach  number Fs reduced t o  0.91 ( t ab le  11). 
A t  t h i s  Mach  number the  value of c z  for. maximum L/D is about 0.35. 
Thus,  to   operate  at maxlrmun L/D at  take-off , the high-speed  values of 



should be:-*creased by a factor  - 35 = 1.4 rather  than i n  . - 

0.25 
the   ra t io  1.65 actually  obtained-with fix&.&&ring. Since  the  value 
of cz i- . .  with  fixed  gearing (0.41) i s  very near  the  value  of  cz 

. 
. .  

0.7R 
(0.35) f o r  maiimUm- LTD, it is  probable that two-speed gearing would 
produce rm significant  gain  in  take-off performance for   the  low-advance- 
ra t io   propel lers .  The approximate efficiency of these  propellers i s .  
given  subsequently. 

- ,  

The values  of- . [ acZ)  required  for  take-off  with  fixed  gearing 0.m 
for  the  propellers having  design advance ratios  of three or  four axe 
much higher  than  the high-speed  values ( tables  I and II), whereas for 
best efficiency  the  values  should be nearly  the same as fo r  high speed. 
Inasmuch as t h e   t i p  speeds- are   re- la t ively l& with  fixed  gearing,  the 
efficiency can be estimated  by means of existing  propeller test data  
because  moderate differences  in  propeller  thickness  are  relatively 
unimportant a t  low section  speeds. 

The efficiency a t  take-off f o r  the  various  propellers  with  fixed 
gearing and with two-speed gearing is shown i n  table- 111. The efficiency 
with  fixed  gearing  for  the  propellers  having  desi- J equal   to  3 and 4 
i s  estimated from experimentgl  results  for  the NACA 10-(3) (08)-03-45 
propeller. in reference 3. The other  efficiencies are estimated  by means 
of figures 1 and.3. The desired  values.of ( U C ~ ) ~ . ~  for  take-off  for 

the  J = 2.0 propellers &e the  Palues shown in table  11. The desired 
values  for  the  other  propellers  are  taken t o  be the same as for  high 
speed ( tab le  I). 

. .  

The resu l t s  i n  table  111 show t ha t  a .considerable  increase in   take-  
off  efficiency  resuits"from  the  use of two-speed gearing  for  the  pro- 
pe l le rs  having  design aavance r a t io s  o f  3.0 or  greater.  This  gain is  
a b u t  10 to 15 percen%."when- . J = 3 .O and the  gain is about 20 t o  30 . 
percent when J = 4.0. The e f f i c l enc ie s   a~"~&e-of f  'of the  propellers 
havfng J = 3.0 with two-spe@ gearing  are about 7 percent  higher than 
the  effictencies at take-off  for  the  propellers  having J = 2.0. The 
take-off  efficiencies  with two-speed gearing f o r  the  propellers  having 
J = 4.0 are about 15 percent .. higher  than fo r  the propellers  having 
J = 2.0. 

In   t h i s  particular"exanp!le the  take-off  efficiencies of the  pro- 
pel lers  having a desigti advance r a t i o  of 2.0 are 60 percent-  or  better, 
and thus  the  propellers  should be adequate f o r  many purposes  although 
not .qu i te  so e f f i c i en ta s   t he   l a rge r   p rope l l e r s   twn ing   a t   t he i r  optimum 
rotat ional  speeds. -A point i n  favor of the low-design-advance-ratio 
propeller i s  that a relatively  high  take-off  efficiency is obtained  with- 
out  the  complications  of two-speed gearing. A point in favor   o f - the  



propellers  having 3 = 4.0, however, is that higher  take-off  efficiencies 
are  obtained  with lower cektrifugal  stresses than those which  occur w-ith 
low design advance ra t ios .  - e 

Sta t ic  thrust.- The approximate s t a t i c  thrusts of the example pro- 
pellers  operating a t  t h e i r  optimum ro ta t iona l   speez   for   t ake-of f   a re  
shown for  comparison wLth t h e   s t a t i c  thrusts obtainable  with  fixed 
gearing in t ab le  IV. 

In t ab le  I V  the  values of T/Ti corresponding t o  the  optimum rota- 
t i ona l  speed for  take-off were obtained from figures 11 and 13 -by the 
previously  explained method of cross-plotting. The airfoi l   character-  
i s t i c s  f o r  the 0.7 radius station  correspond  to  the  data for the 
NACA 6-304 a i r f o i l  sect ion  in   f igure 6. The use af s p n e t r i c a l  a i r f o i l  
sections would r e s u l t   i n  somewhat lower values of T/Ti ( s ee  appendix C )  . 
The values of  T F i  with  fixed  gearing  (except fo r  the  propellers having 

J = 2.0) were estimated from t e s t s   r e su l t s   fo r   t he  NACA 4-(3) (O8)-03 
propeller aqd may be somewhat high  because of the  greater  thickness.  
Values of Ti are  from- f igure 12. 

The resu l t s  in table IV shaw that a large gain in  s t a t i c  thrust is 
obtainable  through  the use of variable gearing f o r  the  propellers having 
design advance ratios of 3.0 and 4.0. The importance of having as  large 
a diameter  as  possible is a lso  shown. The aiameter becomes of secondary 
inrportance, hawever, when the take-off  speed has been obtained  (see . 
table III), although an advantage remains with  the  larger-diameter  pro- 
pe l le r  of a  given  design  advance r a t i o .  

It should  be  kept in m i n d  tha t   the  analysis just given  applies t o  
a par t icu lar   se t  of design conditions. Hence, i n  general,  the use of  
variable-speed gearFng w i l l  not  necessarily  permit-propeller  operation 
at peak efficiency at take-off, nor w i l l  it alwayi be possible to  deter- 
mine a compromise design advance r a t i o  such that Re& o r  near-peak  take- 
off efficiency w i l l  occur  without  variable  gearing. Each performance 
problem must be examined in the   l igh t  of the  pertinent  design  variables. 

From the  standpoint of propeller performance, the  aerodynamic  prob- 
lem is s i q l y  t o  determfne  whether o r  not  the  propeller is operating 
with o p t i m   l i f t - c o e f f i c i e n t  values at a given forward speed, rotat ional  
speed, and power. Optimum values of section lift coefficient  are  values 
producing m a x i m  o r  near-maximum l i f t -d rag  r a t i o s .  The operating lift 
coefficient at t he  0.7 radlus  station is  a fair mehsure of the  over-all  
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operating  conditions, and the  charts i n  the  present  paper  permit a rapid 
estimatian  of this value  for given  speeds and powers when the   so l id i ty .  
i s  known. F r o m  the  standpoint  of.efficiency,  the two-speed gearing prob- 
lem is  simply t o  determine the change in   ro ta t iona l  speed necessary,to 
obtain optimum section l i f t  coefficient  for  cases where  nonoptirmun values 
are encountered when using  fixed  gearing;  this change i s  readily esti-  
mated through  the- use of  the performance charts. More precise  evaluation 
of required  rotational-speed changes will probably require experimental 
data on thin  propellers. 

3" 

. .. 

.. .. 

In an example performance  problem .iqvolving  the  applfcation of 
several-different   propel lers   to  a given set of  design  conditions, analy- 
sis of the  take-off problem shows that the  take-off performance is  
dependent upon the  design advance r a t i o  at high  speed. With 8 design 
advance rat io   of  2.0, peak efficiency a t  take-off  occurs a t  very  nearly 
the same rotat ional  speed  required  for high speed. With a design advance 
ra t io   o f  3.0 o r  4.0, the  propellers  operate  with-values of section lift 
coefficient w e l l  beyond the  value-for  maximum lift-drag ra t io ;   t h i s  ten- 
dency  toward stalled  operation . increases . .. progressively with increases 
in   the  desigiadvance  ra t io .  B y  using two-speed gearing t o  operate  with 
optimm  values  of  section lift coefficieqt, however, the performance at 
take-off of the higher-design-advance-ratio  propellers i s  superior to 
that of  the  lower-design-advance-ratio  propellers.  This  superiority is 
quite pronounced a t  s t a t i c  thrust-; 

. 
A brief  analysis of the  peak static  thrust   of  thin-blade  propellers 

shows t h a t  moderateiy cambered prope1lers.produce up t o  20 percent more 
thrust  than do propellers  incorporating  symmetrical blade sections. A t  
ro ta t iona l   . t ip  Mach- numbers i n  excess  of  about  1.2,  there i s  a substan- 
t f a l  drop in peak s t a t i c   t h r u s t .  

Langley Aeronautical  Laboratory, 
National  Advisory Committee f o r  Aeronautics, 

Langley F-ield, Va. 
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APPENDIX A 

METHOD OF CALCULATING PROFILE E S F I C L W C Y  

The propeller element efficiency is  

where. 

and 

BY taking x = -* introducing from reference 6 r 
R 

and integrating t o  get 

21 
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the   resu l t  becomes, for   the  optimum case where the induced efficiency 
remains constant w i t h  radius, . .  

1.0 1 (1 + $ i j  cos2$)K(x)( 1 + cof $ tan 7)d(x2) 
xO 

Inasmuch as $, K(x), and qi are determinable  for  given  values of J 

when the  parameter .& w is specified, s o l u s o n s  of the  foregoing equa- 

t i on  would be  obtained  readily if values of tan y were given. Peak 
values of 7 would in  general  be obtained i f  the  values of tan 7 cor- 
responded t o  maximum values of L/D at  the  appropriate  section Mach 
number. Since-the maximum L/D is a function of the  section Mach nude r ,  
which i n  turn i s  a f'unction of J and M, it would be possible to show 
approximate  values of peak q with $ G, J, and M as parameters. 

Typical  values of peak 7 could be shown as functions- of J and M by 
a ser ies  of charts. There would be one chart  for  each-value of - 17, 

." 

2 

. -. .. 
. " 

1 
2 . -  

It is  shown in  reference 6 by a somewhat different  approach tha t ,  
because of  obv~aua  uncertainties in the  determination of C d  ( o r  the I 

value o f  tan y corresponding t o  meximum L/D in   the  present   case) ,  

~ it is not necessary t o   r e t a in  the term 1 i j  cos2$, Several trial calcul- 

ations, i n  which the term 1 i j  cos? UBE retained and dropped In turn, 

showed tha t   the   ra t io  of the terms  under the integral   signs of the  pres- 
ent  equation  has only a slight dependency on $ .ij cos2$. Thfs tern can 
therefore be  dropped with only  a slight loss in accuracy. With t h i s  
simplification  the  expression  for q c m  be writ ten 

2 

2 " 

- 
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c It is now possible t o  show approxFmate values of qo as a function of  

J and M on a single  chart  by the following method. 

%om reference 6 the aerodynamic helix  angle i s  given by 

Inasmuch as 

I 
lli = 

l + L G  
2 

the  aerodynamic helix angle becomes 

By defining - 
J Ji = - 
Ti 

the  quantity Ji becomes a measure of the aerodynamic helix  angles i n  
the same  manner that J is a measure o f  the geometric helix angles. 
Another def ini t ion of Ji is 

By using Ji as a parameter t o  obtain values of K ( x )  ( ra ther  

than  the more exact  expression J( 1 + w) ) and a l6o  by obtaining values 
o f  section Mach  number from the  approximate re la t ion  
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the  equation f o r  qo xa8 solved fo r  various values of Jf and M 
using values of taa y corresponding to the thin  propeller of refer-  
ence 4. The .results are  given in figure 3.  The results in figure 3 
are apprgxiwtely  correct when the propeller operates at or near the 
cz  value fo r  maximum L/D at  the 0.m stat ion.  

. .  - .  
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APPENDIX B 

S T a T I C  THRUST 

The r a t i o  c~/Cp,  commonly cal led the s ta t ic - thrus t  figure of merit, 
is usually employed when presenting  .propeller  static-thrust  data, and 
some methods of  analysis of  propeller  static-thrust  performance involve 
the  use  of this ra t io .  It is very   d i f f icu l t ,  however, t o  visual ize   the 
performance  of a given propeller when Cp, and therefore CTICP, becomes 

a variable  as it does when variable  gearing i s  considered. 

A more useful   s ta t ic- thrust  figure o f  merit j.8 t h e   r a t i o  of t he  
s t a t i c  thrust of a given propeller to the s t a t i c  thrust of an actuator 
disk of the same diameter f o r  a given power. In reference 7, Bairstow 
gives  relations for t h e   s t a t i c  thrust and power of an actuator disk as 

and 

By solving f o r  u i n  t e r n  of P and subst i tut ing in the  equation 
for thrust, the following  equation  can be obtained: 

Ti = ( -$'I3 (0.0612~~) 213 - 

The quantity Ti i s  the highest thrust possible for a giiren density, 
power, and diameter where axial losses only a r e  considered. It can be 
shown that 

c 

- = 0.86 
Ti 

T 
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where CT and Cp are experimental  values or  calculated  values 1 

including a l l  losses. Thus the.  e.quation  :expresses the .   th rus t  as a . .  

f ract ion of the ideal thrust. - - -  

. . ." 

" 

For cases  involving  the  determination of two-speed gearing  require- 
ments, it is  advantageous to   p lo t .   t he   r a t io  fr/Ti a s  a function of 
cp-1/3 with MR its parameter. -AieXample .o.f such a plot is given i n  .. . - 

figure 14. Data used in  preparing figure 14 are expel i-mental data from 
reference 8 for   the  NACA lo-( 5 ) (  066)-03 two-blade propeller. Given an 

i n i t i a l  value of MR and C p - l l 3 ,  it is a simple matter t o  f ind   the  

e f fec t  of changes i n  nD on the value of T/Ti because  both Cp- 1/3 

and % change in  direct   proportion  to changes i n  nD as long as 
p, D, and P remain constant. For example, assume tha t   the  NACA 

IO-( 5 ) (  066J -03 two-b-lade propeller (fig. 14) operates  with Cp 4 3  =, 2.7 
and MR = 0.8. The value of T/Ti i s  0.65. Increasing  the  rotational 

speed  by 25 percent-  increases Cp-1/3 t o  3.377 and piR = 1.0. The 

new value of T/Ti from figure 14 is  0.74. The inc rease   i n   s t a t i c  
thrwt is almost 14 percent. 

% 

Fkperimental  va-lues o f  CT and Cp at-J = 0 are aften  lacklng 

but the conventional  vortex  propeller  theory can be used t o  determine 
approximate  values of these  coefficient-s by  assuming the Betz  optimum 
loading  distribution  to  apply  to  the  static  conditions and by making 
suitable  estimates of the profile-drag loss. For the  Betz  condiCion 

x tan @ = Constant 

With 

the  values ucz and @ are  determinable  for any radius when bcz is 
specified  for a given-  radi-us and, ,number afblades  for  propeller.  
In  the  present  paper this simplification .alon$. with.   the  additional a i m -  
p l i f ica t ion  that L/D. is  constant  along  the blade was used to   ca lcu la te  



, 

dC 2 and 3 by the  method of  reference 9 f o r  s e v e r a l  given  values of 
dx d x  - 

(acz)0.7X 
t o   t h e   t i p  $0 obtain CT and Cp f o r  four-blade  single-rotating  pro- 

pel lers .  The resu l t s  are shown p lo t t ed   i n  figure 11 with the rad ia l ly  

and L/D. These values were integrated from the O.3R s ta t ion  

- 

constant  value o f .  L/D designated as L/D. 

It is necessary  to relate the   resu l t s   in   f igure  ll t o   ac tua l  
operating  conditions. A correlation can be found i n  the following 
manner. Inasmch a8 t he  element loading coefficient ( 0 ~ ~ ) ~ .  7R is a 

measure of  the  propeller  operating lift coef f ic ien ts ,   the   resu l t s   in  
figure 11 sh6w that CT is primarily a function df the l i f t  coeffi-  
cients  with only a secondary dependency on the  propel ler  L/D, which is 
exemplified in  this case by L/D. Hence, given an experimental  value o f  
CT, the  approxfmate ( G c ~ )  , and thus cz  since d is known, 

is obtainable at once f r o m  figure 11. Then, i f  a i r f o i l   d a t a  are given 
f o r  the a i r f o i l   s e c t i o n   a t   t h e  0.m stat ion,  it is. possible t o  obtain 
the two-dimensional  value o f  L/D corresponding to cz . A t  t he  

same time, the  intersect ion of the  experimental value of Cp w i t h  

- 
0.m 0.m 0.7% 

0.m 

(“c2>0.7R (the s8me ( ~ C Z ) ~ . ~  
corresponding t o  experimental  value of 

- - 
C r )  in  figure U gives  the  value  of L/D, 

This procedure w a s  applied t o  experimental data for   several   d i f fer-  
ent propellers under various  loading  conditions and it was found tha t  
L/D W a s  relat@d t o  ( L / D ) o . p  by an empirical f & t a r  

With this   empir ical   factor  fairly well established, and if two- 
dimensional a i r f o i l  data are given f o r  t h e   a i r f o i l   s e c t i o n  at the  O.7R 
stat ion,  it i s  possible t o  estimate the  propeller-characterist ics at 
s ta t ic   thrust   for   given  values  of Cp , uom mJ and M by trial and 

er ror  o r  by cross-plotting.  For  each trial value of there  is  

a corresponding  value of - L and thus L/D. This combination of 

, expressed- as ( acz) , and L/D gives  value of  Cp. When 

0.V 

- CZ0.7R 

0 . p  

cl 
- 

0.7R 0.m 
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the  proper; co&inatFon whfch gives the required  value of Cp has  been 
obtafned, the value  of CT correeponding to (acz) is obtained at 
once from figure 11. 

" 0.m 
Thfs method fails at very low blade angles where the outer  sections 

produce negative thrust (a  condition o f  only small   interest) .  The 
method  works reasonably w e l l ,  however, up into the stalled range of 
operation. Check s t r ip  calculations Fn appendix C w i t h  MR = 1.2 indi- 
cate   that   the  method is reasonably  accurate at. high tip Mach  numbers f o r  
propellers  of small~camber ( czd = 0.3 o r  less). The fac tor  1/3 used 

in  obtaining L/D is reasonably  accurate-for  single-rotating  propellers 
o f  three or  more blades. For two-blade propellers.  this factor  should be 
reduced by about 10 percent. 

- 

For convenience the data of figure 11 are  replot tea  in figure l3 
t o  show the r a t i o  T/Ti as a f'unction of . CP"/~, f o r  various values 

of ( acl)  - and L/D. By converting the previously mentioned speci- 
- 

' "0.7R 
fied value of  Cp t o  Cp 1/3, figure 13 may be used to   obtain the r a t l o  . . 

- 
T/Ti directly. 

It should be pointed  out that although the r a t i o  T / T i  is con- 
venient  for  investigaking  gear-ratio  requirements for a given  propeller, 
allowances -&st be made fo r  comparisons of' propellers  of  different diam- 
eters absorbing a given power. Different  diameters  give different val- 
ues o f  Ti for a given power and density. 
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EFFECT OF CAMBER OR SEATIC TERJST 

The resu l t s  i n  figure 13 show the deperldence of t h e   s t a t i c  thrust 
on L/D of the  section.  Since camber is one of the variables  affecting 
L/D, it is of i n t e re s t .   t o  make a brief  investigation of the effec t  of 
camber on the  peak s ta t ic - thrus t  performance of thin  propellers.  

The effect  of camber on maximum L/D 88 a function of section 
Mach  number is shown'in  figure 15 f o r  the NACA 16-004, NACA 16-304, 
and NACA 6-504 a i r fo i l s   (da ta  from ref. 4). This figure shows that 
at .subcri t ical   sect ion Mach numbers the cambered sections  produce max- 
imum LID values which are up to   t h ree  times as h i g h  as the maximum 
L/D for  the  symmetrical  section having the aame thickness  ratio.  when 
the  force-break Mach  number i s  exceeded, however, there i s  a sharp drop 
i n  m a x i m u m  L/D and eventually ,the m a x i m u m  L/D OP the NACA 16-504 
section becomes lower than  the L/D values for the sections of  moderate 
o r  zero camber. 

The a i r f o i l  data in  reference 4 indicate that, for   the   sec t ion  
Mach  number range  under  consideration,  the Xft coeff ic ient   for  m a x i m u m  
LID remains  approximately  constant a t  0.40, 0.45, and 0.60 f o r  the 
NACA 16-004, NACA 16-304, and NACA 16-504 airfoi l   sect ions,   respect ively.  
The foregoing  information on cz and L/D permits  the  estimation from 
figure 13 of peak values of T / T i  as a function of  MR provided that 
information on t he   so l id i ty  is  given. Figure 16 is a plot  of  
T /T i  against MR f o r  three propellers,  each  of which is  assumed t o  
have u = 0.16 but  with  the c d e r  varyTng i n  accordance  with  the 

NACA &series  airfoils  just   discussed. 
0.m - 

According t o  the resu l t s  i n  figure 16, peak values of T/Ti for  
thin  propel lers  are only slightly  affected  by  compressibility up t o  
a r o t a t i o n a l   t i p  Mach  number of about 1.2. A t  MR = 1.0 the data 
indicate that using NACA 16-504 a i r f o i l  sections  instead of NACA 
16-004 airfoil sections  increases  the  ratio T/Ti  from 0.67 t o  
0.85. A t  MR = 1.2 a propeller having XACA 16-304 a i r fo i l   s ec t ions  
has a peak r a t i o  T/TI of 0.76 as compared t o  0.66 for symmetrical  sec- 

t ions.  In terms of thrust Pf?r horsepower at sea level, a 16-foot- 
diameter four-blade  propeller with d = 0.16 and absorbing 0.m 
10,000 horsepower at MR = 1.2 would produce a maximum of approximately . 
2 pounds-of thrust per horsepower with  symmetrical a i r fo i l   sec t ions .  

- - 
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With the NACA 16-304 sections,  the same propeller would produce about 
2.3 pounds p5-F hcirsepower, . a gain of' 15 percent'   in thrust . 

As MR exceeds a value of about 1.2, the peak values  of T/Ti 
become progressively l&er (?I@;. 16), and it is  seen that camber  becomes 
less effective in increasing  the  s ta t ic  thrust. 

Inasmuch as the fac to r  1/3 used i n  est.ilplating L/D was obtained 
- 

from low-speed propeller  data, check calculations  of peak values of 
T/Ti using  strip  theory have been made f o r  a - r o h k i o n a l   t i p  Mach number 
of  1.2. The ca lcuht ions  were made for  four-blade  propellers which were 
assumed t o  be  rectangular in plan form with bo.m = 0.16. The blades 

incorporated  constant camber correspondin@; to the  camber used  In  the 
approximate calculations and were of constant  thickness  with b = 0.04. 
The pitch  distribution  under  load w e  assumed t o  correspond t o  

b 

tan p = J  
7tX 

A few t r i a l  blade-angle  settings were required t o   a r r i v e  a t  the peals 
values of  Tpi. For the  propellers  with = 0 and 0.3, these more - 
r e a l i s t i c  values of T/TL were only 2 O r - 3  -.  percent lower t h a n t h e  e a t i -  
mated v a k &  shown Fn-.figure 16 at  MR = 1.2. The peak value of T/TI 
f o r  the check propeller  having = 0.5 was the same 88 the  peak value 
for   the  check propeller  having 'Zd = 0.3 and thus was considerably  belm 

the  estimated  value sham i n  figure 16. This lat ter disagreement is not 
considered ae serious, however,  inasmuch as a value  of cz of  0.5 f o r  

law-advance-ratio propeller.s.is  probably  excessive from high-speed con- 
siderations. 

"d 

. .  
czd 

d 

. .  

This  brief study of  camber effects has indicated  the  desirabil i ty 
of incorporating a moderate amount of camber 'to obtain good s ta t ic- thrust  
performance. More research is  needed,. however, in o r d e r  t o  determine the 
effects  of c a b e r  o.ri the  over-ail-propeller-  perfoimance.' 
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bsign 
J ‘ 0 . p  

2 0.24 

2 -32 

3 .16 

3 .24 

4 .16 

4 .24 

TABU I 

[M, 0.9; altitude, 40,000 ft; P, 4860 hp] 

%) 
’ 0.n 
0.06 

.08 

.08 

.l2 

.08 

.I2 

.16 

Ti 

3.930 

.918 

.918 

-902 

.g10 

.870 

NAC A RM L52109 

~ 

M 
0.7R 

1.337 

1.337 

1.116 

1.116 

1.027 

1.027 

1.027 



5v 

- 

NACA RM ~52109 - 

k s  igr 
3 

2 

2 

3 

3 

4 

4 

4 

TABLE I1 " 

VALUES O F  Jm AND ( 6 ~ 2 ) ~ ~ ~  AT TAKE-OF" WITR FMED 

GEARING FOR PROPELLERS OF TABLE I 

PTC), 205 ft/sec; P, 9000 hp; altitude, sea level; 
1, 60 lb/sq ft; airplane 
S 

0 978 

,886 

1.081 

943 

1.236 

1.076 

978 

1 4 3  
'P 

2.008 

1.890 

1.538 

1.342 

1.318 

1.148 

1.043 

- 
M 0 . 7 ~  

0.91 

91 

.622 

.622 

.482 

-4-82 

.482 

33 

0.06 

.08 

.08 

.I2 

.& 

.I2 

.16 

%hese values me obtained from eight-blade propeller chart, f ig-  
ure l (b) .  

v 
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Design 
J 

2 

2 

3 

3 

4 

4 

4 
4 

TABIE 111. 

EFFICIEXY AT TAKE-OFF 

[fiopellers of table I] 

D gearing 
ImD 

”” 

”” 

13 70 

1328 

828 

848 

882 
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Design 
J 

2 

2 

3 

3 

4 

4 

4 

APPRoXIMAm STATIC THRWST AT SEA UVXL OF 

PROPELLERS LISTED IN TABLE I, WITH 

D 

15.04 

12.95 

17.55 

14.20 

21.30 

17- 34 

15.04 

v i  

speed gear 

""_ 
Ti 

T 
Fixed- 
ge* 

20,900 

19,200 

14,000 

12,000 

= Y 250 

10,700 

9,600 
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1 .  (a) Four-blade propellers. : 

Fi'gure 1.- PropeUer performance charts. Without drag. 

5 I '  . 
. I  



(b) Eight-blade propellere. 

'Figure 1.- Concluded. 
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Figure 2. - Peak profile efficiency against f L i g h t  Mach number f o r  variaus 
advance ratios. Thin propellers of reference 3. 
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Figure 4.- M i n i m u m  drag-llft  ra t io  against section Mach number for 
various thickness ratios wlth corresponding radial location for 
example t h b  propeller. 
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Operating &r 

Figure 6.- L/D against operating C E  at c6nstast  section Mach number. 
NACA 16-304 a i r fo i l .  
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Figure 7.- Variatlm of cZ for maximum LP. Synrmetrical a i r fo i l ;  

= 0.04. 
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Figure 8.- T y p i c a l  _maximum shaft horsepower of 
the maximum eha f t  horsepower a t  V = 0 a n d  
air .  

I 

turboengine in terms of t 

NACA standard sea-level 
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Figure 9.- Quantity against ahaft horeepower at constant diameter. . ul F 
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1 

c 

Figure 10. - Quantity ($$-)1’3 as a function  of velocity and alt i tude.  - 
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Figure 12.- Ideal s t a t i c  thrust as a function o f  the product of t h e  
diameter and the p a r .  

.. . 
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a 
Ti 

Fj lgure 1-3.- Ratio. T/Tf as a function of I/* fo r  varfoue values of 

tC%. 7R 
and LT. Four-blade propellers; J = 0. 
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Figure 14. - Data for lO-(5) (066)-03 tm-blade propeller to Show T / T i  
as a function of rotational speed. 
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Figure 15. - Variation of maximum L/D with section Mach nmber. 
NACA 16-series airfoils. 
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Figure 16. - Estimated peak T/Tl a8 a function of-rotational t i p  Mach 
1 

nunber. Camber varying. = 0.04; B = 4; 00.p = 0.16. 
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